Arabidopsis seedlings increased extracellular ATP (exATP) concentrations transiently in extracellular matrix (ECM) under hypertonic stresses. The increased transcription levels of two apyrase genes, AtAPY1 and AtAPY2, in accordance with exATP accumulation, suggests active regulation of exATP concentration. Arabidopsis seedlings subjected to hypertonic stresses survived after incubation with ,-methyleneadenosine-5 0 -triphosphate, which usually causes cell death through competitive exclusion of ATP. This confirms that the enhanced viability was due to accumulated exATP. The increased concentration of hydrogen peroxide through NADPH oxidase expression suggests the possible importance of exATP in stress response under hypertonic stresses. The mRNA levels of exATP inducible genes (AtMAPK3, AtACS6, and AtERF4) and the reactive oxygen species inducible gene (AtPAL1) were increased by hypertonic stresses. We suggest that exATP accumulation plays a role as a regulatory mechanism in the hypertonic stress response in Arabidopsis seedlings.
Arabidopsis seedlings increased extracellular ATP (exATP) concentrations transiently in extracellular matrix (ECM) under hypertonic stresses. The increased transcription levels of two apyrase genes, AtAPY1 and AtAPY2, in accordance with exATP accumulation, suggests active regulation of exATP concentration. Arabidopsis seedlings subjected to hypertonic stresses survived after incubation with ,-methyleneadenosine-5 0 -triphosphate, which usually causes cell death through competitive exclusion of ATP. This confirms that the enhanced viability was due to accumulated exATP. The increased concentration of hydrogen peroxide through NADPH oxidase expression suggests the possible importance of exATP in stress response under hypertonic stresses. The mRNA levels of exATP inducible genes (AtMAPK3, AtACS6, and AtERF4) and the reactive oxygen species inducible gene (AtPAL1) were increased by hypertonic stresses. We suggest that exATP accumulation plays a role as a regulatory mechanism in the hypertonic stress response in Arabidopsis seedlings.
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The presence of low but significant concentrations (mM level) of ATP in the extracellular matrix (ECM) of multicellular organisms, as well as in the extracellular fluid of microorganisms has been identified. 1, 2) In animals, the extracellular ATP (exATP) is a signaling molecule, and many different types of ATP receptors have been identified. [3] [4] [5] In Streptomyces coelicolor, exATP enhanced antibiotic production and morphological differentiation in a concentration-specific manner. 6) In plants, exATP is recognized as a signaling molecule. exATP induced membrane depolarization, 7) inhibited gravitropic growth of Arabidopsis thaliana roots, 8) and was partially responsible for the regulation of plant cell viability. 9) These results suggest a signaling role of exATP in A. thaliana roots and seedlings, regardless of its origin. For example, the addition of ATP has been shown to increase intracellular Ca 2þ levels and to activate calmodulin in A. thaliana, 7) and induced gene expression in a pattern similar to that of a wound response. 9) However, the mechanism of ATP secretion and the associated physiological change are unclear.
In this study, we monitored the exATP concentration in reaction to hypertonic stress and investigated the possible regulatory functions of exATP to protect cells from stresses suggested in previous studies. [9] [10] [11] [12] [13] The results suggest that exATP is a possible significant regulatory molecule for protecting A. thaliana seedlings from hypertonic stress.
Materials and Methods
Growth conditions for Arabidopsis thaliana seedlings. Seeds of A. thaliana ecotype of Columbia (Col-0) were used. For obtaining sterile seedlings, the seeds were treated with 0.3% (w/v) sodium hypochlorite for 12 min, washed 10 times with sterile double-distilled water, and stored at 4 C for 4 d. The seeds were placed on static Murashige and Skoog media 14) containing vitamins, 3% (w/v) sucrose, and 0.8% (w/v) agar, pH 5.7. A. thaliana seedlings were produced by incubation in a chamber at 22 C for 15 d under a light/dark cycle of 16 h/8 h.
Hypertonic stress treatments. The 15 d old A. thaliana seedlings were transferred to 1 ml 2-(N-morpholino)-ethanesulfonic acid (MES) buffer and were incubated at 22 C for 12 h before stress treatments. After transferring five seedlings per well to a 12-well plate, the plants were submerged in 1 ml of each stress agent. For each condition, three individual wells were tested. For hypertonic stress, all solutions of NaCl, Mg(NO 3 ) 2 , and MgCl 2 at 100 mM were prepared freshly in 3 mM MES buffer, pH 6.0, modified from Jeter et al.
10)
Quantitative analysis of exATP concentration. The 20 seedlings subjected to each stress condition were transfer to Petri dishes, and submerged in 5 ml of MES buffer. For comparison, the seedlings were also evaluated directly in a 6-well plate (five seedling per well), and simply submerged in 1 ml of MES buffer at the onset of treatment. After collection, the fresh collected samples were immediately frozen in liquid N 2 . Five collections were pooled together in the same 15 ml centrifuge tube and stored at À80 C for [ATP] determination. The exATP was extracted using 5 ml of HEPES buffer (10 mM, pH 7.7). For analysis of the exATP concentration, 50 ml of sample was mixed with 50 ml of Luciferase/Luciferin reagent (ENLITEN Ò ATP Assay System, Promega, Madison, WI), and the light emission at 420 nm was measured in, a GloMaxÔ 96 Luminometer (Promega) as reported by Jeter et al.
10) The amount of exATP was calculated from a standard curve. Experiments were performed in triplicate.
Measurement of hydrogen peroxide. The H 2 O 2 content of the A. thaliana seedlings subjected to stress was determined according to a modification of the method of Yang et al. 13) Briefly, the stressed seedlings were ground in liquid N 2 , and the fresh weights were determined. The powder obtained was homogenized in 500 ml of 0.1% trichloroacetic acid (TCA) and was centrifuged at 3,000 rpm for 20 min at 4 C. The supernatant was added to a reaction medium containing 100 ml of 10 mM phosphate buffer and 200 ml of 1 M KI. The optical density at 390 nm was measured. The amount of H 2 O 2 was calculated from a standard curve. For each sample, the H 2 O 2 concentration was measured 3 times, and the results were represented as mean and standard deviation.
RNA isolation, quality control, and cDNA synthesis. Total RNA was extracted from the seedling plant samples using TRIZol (Invitrogen, Carlsbad, CA) and was treated with Ambion DNase I (Applied Biosystems, Foster City, CA) according to the manufacturer's instructions. cDNA synthesis was performed at a total volume of 20 ml, using the SuperScriptÔ First-Strand Synthesis System kit for reverse transcriptase-polymerase chain reaction (RT-PCR) (Invitrogen). Each reaction mixture contained 1 mg of total RNA, 10 mM each dNTP mix, 0.5 mg of Oligo(dT) 12{18 , 20 mM Tris-HCl (pH 8.4), 50 mM KCl, 5 mM MgCl 2 , 0.01 mM dithiothreitol (DTT), 40 U of Recombinant Ribonuclease Inhibitor (RNaseOUTÔ), and 50 U of SuperScriptÔ III reverse transcriptase. Reaction mixtures were incubated at 42 C for 50 min and then at 70 C for 15 min. The template RNA was removed from the cDNA:RNA hybrid using 1 U of Escherichia coli RNase H at 37 C for 20 min. A control reaction for each sample was performed simultaneously without reverse transcriptase.
Quantitative real-time PCR analysis. Total RNA (1 mg) was used as a template for cDNA using the SuperScript III First-Strand Synthesis System for RT-PCR (Invitrogen). Real-time PCR on cDNAs of AtAPY1, AtAPY2, AtPAL1, AtMPK3, AtERF4, AtACS6, and Actin11 used the iQÔ5 Multiplex Real-Time PCR System and SYBR Green Assay (Bio-Rad, Hercules, CA). To calculate the mean relative expression levels of each gene, cDNAs from three independent RNA isolations were analyzed in triplicate. Controls for direct and statistical comparison were analyzed on the same plate. The relative expression ratio was calculated according to the method of Pfaffl.
15) Expression of each target gene was normalized against an endogenous reference gene, Actin11, which was constitutively expressed. Means of the three independent experiments were statistically compared.
The forward/reverse primers used for the real time PCR are shown in Table 1 . Each primer (10 mM) was used for each real time PCR. The following thermo cycles were applied: 1 cycle of 95 C for 3 min; 40 cycles of 95 C for 15 s, 55 C for 30 s, and 72 C for 30 s; and 1 cycle of 72 C for 1 min. The data were analyzed using the iQÔ5 Optical System Software (Bio-Rad).
Cell death assay of intact A. thaliana seedlings. The A. thaliana seedlings subjected to each hypertonic stress condition for 3 h were transferred to normal MS agar plates. The fifth leaf of the stressed seedling was treated with 100 mM AMP-PCP (,-methyleneadenosine-5 0 -triphosphate; a nonhydrolyzable analog of ATP) and 100 mM ATP. After 5 d, the treated leaf was photographed. These experiments were repeated 5 times.
Results

Hypertonic stress induced changes in exATP concentration
The concentration of extracellular ATP (exATP) increased to the several hundred nanomolar range when the A. thaliana seedlings were incubated under many hypertonic stress conditions (Supplemental Fig. 1 ; see Biosci. Biotechnol. Biochem. Web site). The results for three hypertonic stress agents that affected exATP accumulation in 15-d-old A. thaliana seedlings are shown in Fig. 1 . Significant increments in the exATP concentration were detected in seedlings treated with 100 mM of MgCl 2 , Mg(NO 3 ) 2 , and NaCl respectively. Remarkably, the exATP concentration declined with time after 1 h. The concentration of exATP decreased by 50% and 75% at 3 and 6 h in 100 mM MgCl 2 respectively, as compared to the initial concentration at 1 h. In 100 mM Mg(NO 3 ) 2 , exATP decreased by 25% and 75% at 3 and 6 h respectively. However, in 100 mM NaCl, the exATP concentration at 3 h did not change significantly and it decreased by 25% at 6 h. This result shows the transient increments in the exATP concentration resulting from hypertonic stresses.
Hypertonic stresses induced AtAPY1 and AtAPY2 expression
Because it is possible that apyrases are involved in regulating the concentration of exATP, we analyzed changes in the expression levels, of two apyrases in A. thaliana, AtAPY1 (AT3G04080), and AtAPY2 (AT5G18280) under hypertonic stress using quantitative reverse transcription (qRT)-PCR (Fig. 2) . Hypertonic stress increased the mRNA levels of AtAPY1 and AtAPY2 at 3 h (Fig. 2) . The expression levels of AtAPY1 and AtAPY2 were time-correlated to the changes in the exATP concentration (Fig. 1) . The expression levels of AtAPY1 and AtAPY2 after MgCl 2 treatment increased 
Time (h) Ã and ÃÃ indicate that the value of the selected condition is significantly different from the value of MES buffer on two-sample t test with p < 0:05 and p < 0:01 respectively. DW, dry weight.
2-and 5.5-fold from 1 h to 3 h respectively, as compared with MES buffer control ( Fig. 2A and D) . These increases corresponded to decreased exATP concentrations, of 50% and 75% at 3 and 6 h respectively (Fig. 1) . In Mg(NO 3 ) 2 , the expression levels of the two apyrase genes increased 1.6-and 6.2-fold at 1 and 3 h respectively ( Fig. 2B and E) . Accordingly, the exATP concentration decreased by 25% and 75% at 3 and 6 h respectively. With NaCl, the expression levels of AtAPY1 and AtAPY2 increased 3.9-fold after 3 h, the smallest increment among the tested hypertonic stresses (Fig. 2C and F) . Differently from MgCl 2 and Mg(NO 3 ) 2 , NaCl caused only a 25% loss in exATP concentration after 6 h. These results show close correlation to the expression of AtAPY1 and AtAPY2 and a decrease in exATP concentration following peak levels under hypertonic stress.
Hypertonic stress-induced exATP protected A. thaliana seedlings, from the stress of exATP competitive exclusions When A. thaliana was treated with ,-methyleneadenosine-5 0 -triphosphate (AMP-PCP), a nonhydrolyzable ATP analog, the cells died, possibly because of competitive exclusion of exATP from exATP binding sites.
9) The physiological function of exATP may be essential for cell viability. It is possible that the accumulation of exATP under hypertonic stress enhances the life sustaining effect of exATP. To test this hypothesis, A. thaliana seedlings exposed to hypertonic stress were exposed to AMP-PCP (Fig. 3) . The cells in MES buffer died between 2 and 4 d after localized treatment with 100 mM AMP-PCP, and the whole leaf died eventually. In contrast, the leaves stimulated with MgCl 2 , Mg(NO 3 ) 2 , and NaCl remained healthy for 5 d like ATP positive control, except for localized lesions near the site of AMP-PCP treatment. These results show that the increased exATP from the MgCl 2 , Mg(NO 3 ) 2 , and NaCl treatments allowed the cells to overcome competitive exclusion from exATP binding sites and protected the cells from AMP-PCP stress.
Hypertonic stress increased the hydrogen peroxide concentration exATP signaling protects cells from hydrogen peroxide (H 2 O 2 ) stress in animal cells.
16) H 2 O 2 production is induced by salt stress in the roots of wheat. 13) ExATP increased the expression level of NADPH oxidase (AtrbohD). 11) These three previous studies suggest a protective function of exATP in response to H 2 O 2 produced by hypertonic stress in A. thaliana seedlings. We tested whether A. thaliana seedlings can also produce H 2 O 2 under hypertonic stress (Fig. 4) . Exposure for 1 h to 100 mM MgCl 2 , Mg(NO 3 ) 2 , and NaCl increased the H 2 O 2 concentrations by 38%, 66%, and After hypertonic stress treatments with 100 mM of solutions, H 2 O 2 concentrations were determined according to the description in ''Material and Methods.'' Values are the means of triplicate assays with the standard deviation. All data for samples were from the same MES buffer treated seedlings.
ÃÃ indicates the value of selected condition is significantly different from the value of MES buffer on two-sample t test with p < 0:01. DW, dry weight. 25% respectively. The pattern of changing H 2 O 2 concentration with time was similar to the concentration change in exATP. This result suggests that hypertonic stress induced H 2 O 2 production in A. thaliana seedlings through exATP mediated induction of AtrbohD (Supplemental Fig. 2 ; see Biosci. Biotechnol. Biochem. Web site), and that A. thaliana requires protection from H 2 O 2 , which exATP might provide.
Hypertonic stress increased stress-responsive gene expression related exATP
Increased concentrations of exATP can activate stress response genes, the MAP kinase pathway, and ethylene signaling, 10) and H 2 O 2 can instigate the gene expression patterns involved in wound and defense responses. 11, 17) The expression levels of mitogen-activated protein kinase 3 (AtMAPK3) increased 2.2-, 2.6-, and 1.4-fold after treatment with MgCl 2 , Mg(NO 3 ) 2 , and NaCl respectively (Fig. 5A) . After 1 h, treatment with MgCl 2 , Mg(NO 3 ) 2 , and NaCl, at which time the exATP concentrations reached a maximum, the expression levels of Phe aminonia-lyase gene 1 (AtPAL1), which is also induced by reactive oxygen species (ROS), 18) peaked at 2.7-, 3.1-, and 1.4-fold above normal respectively (Fig. 5B) . Hypertonic stress also induced an increase in transcript levels for the genes encoding 1-aminocyclopropane-1-carboxylate synthase 6 (AtACS6) (Fig. 5C ), which is a biosynthetic enzyme for ethylene that can mediate wound and defense responses. 19, 20) Ethylene is a major plant hormone known to be a critical mediator of stress responses, 20) and it is of special interest that hypertonic stress could upregulate the expression levels of ethylene responsive element binding factor 4 (AtERF4) (Fig. 5D ) as well as the expression level of AtACS6. Our results suggest a model in which hypertonic stress-induced exATP is one of mechanisms activating defense responses.
Discussion
We studied the functional importance of exATP under hypertonic stress in A. thaliana seedlings grown for 15 d. Instigating hypertonic stress using diverse chemicals can increase the exATP concentration. We found that the changes in exATP concentration were transient and that the A. thaliana seedlings reduced the exATP concentration by expression of AtAPY1 and AtAPY2 (Fig. 2) . Despite exATP degradation in several ways, such as spontaneous degradation and other ATP hydrolyzing enzymes, A. thaliana seedlings actively express two apyrases to reduce the exATP concentration. This suggests that A. thaliana seedlings cannot tolerate increased exATP concentrations for a long time and that exATP can change the cell physiology significantly. The protective result of hypertonic stimulation in the competition assay with AMP-PCP (Fig. 3) confirmed the increased exATP concentration under hypertonic stress. The expression of AtMAPK3, AtACS6, and AtERF4, induced by exATP treatment in a previous study, 10) was also observed under our tested hypertonic stresses (Fig. 5A, C, and D) . This additional evidence suggests that the increased exATP concentration is one of the mechanisms of the stress response under hypertonic stress.
Another possible physiological function of exATP is protection from H 2 O 2 stress, which is based on observations in animal systems 16) and on changes in H 2 O 2 levels in wheat roots. 13) We monitored the changes in H 2 O 2 concentration (Fig. 4) and the corresponding AtPAL1 expression (Fig. 5B) under hypertonic stress using A. thaliana seedlings. This result demonstrates the existence of H 2 O 2 stress and suggests the possible protective function of exATP under hypertonic stress. The plasma membrane NAPDH oxidase is composed of membrane-associated and cytosolic components. It has been suggested that the activated plasma membrane NADPH oxidase complex participates in H 2 O 2 accumulation in plants 13) and that exATP induced the expression of NADPH oxidase.
11) The transcript levels of NADPH oxidase were enhanced within 1 h by hypertonic stress (Supplemental Fig. 2 ; see Biosci. Biotechnol. Biochem. Web site). This result confirms that exATP is a significant factor in accumulating H 2 O 2 .
We tested several hypertonic stress conditions for change in the exATP concentration including mannitol stress (Supplemental Fig. 1 ; see Biosci. Biotechnol. Biochem. Web site). All the tested hypertonic stresses increased the exATP concentration even though the degree of increment is specific to each compound. This result indicates that hypertonic stress was the key to the increased exATP concentration, but the physiological reaction of A. thaliana may also be involved in the increased exATP concentration since it is chemicalcompound specific. The result in Supplemental Fig. 2 suggests that Na þ and Mg 2þ increased the exATP concentration twice as much as other chemicals. We need additional experiments to confirm the highly increased exATP concentration in a Na þ and Mg 2þ specific manner. In the case of Mg 2þ , magnesium is important to maintain the homeostasis of the ATP level in cells. [21] [22] [23] Most ATP exists with magnesium when the magnesium concentration exceeds the ATP concentra- Stresses. Expression levels of stress-related genes (A, AtMAPK3; B, AtPAL1; C, AtACS6; D, AtERF4) were determined by qRT-PCR under 100 mM hypertonic stress treatments at 1, 3, and 6 h. The transcript levels were normalized using the mRNA level of Actin11 as an internal control. The mean values from triplicate samples in three independent experiments are shown with the standard deviation. All data of 0 h samples are from the same MES buffer treated seedlings.
Ã and ÃÃ indicate that the value of the selected condition was significantly different from the value of MES buffer on twosample t test with p < 0:05 and p < 0:01 respectively. tion. 24) We propose the hypothesis that the addition of extracellular magnesium binds exATP and affects on the steady state concentration of exATP by controlling many enzymes related ATP metabolism, such as decreased apyrase activity. However this hypothesis requires presupposition that A. thaliana needs to release ATP steadily, and that the release and the degradation of ATP are balanced without magnesium ions.
We found transient changes in the exATP concentration and the exATP-induced cell physiological changes under hypertonic stress. The data obtained in this study provide evidences about the regulatory function of exATP under hypertonic stress in A. thaliana seedlings.
